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Abstract 
Engineered Material Arresting System (EMAS) could be constructed in runway end safety area to arrest an overrun aircraft. 
EMAS bed is the main part of EMAS and consists of the EMAS material, such as foam concrete. EMAS and its design method 
should be verified by actual aircraft test. A large passenger jet, one main aircraft type of civil aviation should be used in actual 
aircraft verification test of EMAS. The jet came from an airline operation front line. To minimize the effect of the test on the jet’s 
airworthiness, the landing gears of the jet should not be remove in the measurement system mounting. The jet’s motion in EMAS 
could be analyzed, and the performance requirement of landing gear load measurement system could be studied. Accordingly, 
landing gear load measurement system and field calibration test method were presented. For the verification of measurement 
system, the aircraft taxi tests such as taxi brake test, engine ground run up test and a short EMAS bed test had been done with the 
system. Through analyzing the measured loads of the landing gears, weight of the jet and the limit load of landing gears, the 
system could be verified. The results show that the load measurement system could satisfy EMAS actual aircraft verification test, 
and the test and verification method should satisfy other large aircraft landing gear load measurement 
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1. Introduction 
In an actual aircraft test[1] for engineered material arresting system (EMAS), the Boeing 737, the major airplane 
model that is employed in civilian aviation of China, runs into the arresting bed and its wheels crush the arresting 
material. In the test process, horizontal and vertical loads on the nose, left and right landing gears of the airplane 
need to be correctly measured and recorded. Especially the horizontal loads acting on all undercarriages are core 
parameters in the test. Papers [2, 3, 4] describe mainly the methods to measure the load on a single landing gear 
using a bench. Since airplanes used in the tests for EMAS are chosen from those in operations, the influence of 
reassembling the landing gear load measurement system to airplane structures should be minimized in order to 
maintain the continuous airworthiness of the airplanes, i.e. the load measurement system is required to be 
reassembled on-site while the landing gears are not disassembled from the airplane. 
This paper analyzes the characteristics of the airplane’s motion on both the runway and the arresting bed and 
investigates the requirements that should be satisfied for testing the ground load of the landing gears, based on which 
reassembling of ground load measurement system for landing gears of B737 and filtering of test data are 
accomplished. Ground taxi tests, including ground running test at max power, taxi braking tests and EMAS arresting 
bed tests are conducted in order to verify the load measurement system. The reassembly of the landing gear load 
measurement system is verified through analysis of loads on landing gears measured in these tests. 
 
Nomenclature 
D drag force 
Dm  drag force of main landing gear 
Dn drag force of nose landing gear 
Vm vertical force of main landing gear 
Vn vertical force of nose landing gear 
2. The airplane and the characteristics of its motion 
The maximum take-off weight of the B737 airplane used in tests is 578 kN. The details of this type can be found 
in reference [5]. Because of safety concerns, the airplane is fueled to the extent that the tests can be conducted so that 
its weight is close to the empty weight, i.e. about 353 kN. The center of gravity of the airplane is located 
approximately at 90% between the front and main landing gears. During the tests, airplane flaps are in 0 position. 
Verification tests were conducted on the runway of an airport. The test program includes engine ground run up test, 
taxi braking tests and EMAS tests. 
2.1. Engine ground run up test 
When the airplane is at rest, the two sets of main landing gears and the one set of front landing gear bear 90% and 
10% of the airplane weight, respectively. Initially, the braking facilities were activated and held. After the engine 
was started, the engine throttle was set to the position of maximum thrust and held for about 1 min. In the whole 
process, the airplane maintained at rest through brakes. The thrust produced by the engine was mainly equilibrated 
by the static frictions between the wheels of the two sets of main landing gears because these wheels were equipped 
with braking systems. 
As theoretical analysis shows, when the thrust increased, the drags on the main landing gears also increased so 
that a moment tending to lower down the airplane head was induced. This moment would increase the vertical load 
on the front landing gear and reduce the vertical loads on the main landing gears. Changes of the loads depend on 
positions of landing gears and the center of gravity. The test lasted around 2 min. 
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2.2. Taxi braking test 
In the taxi braking test, the airplane was horizontally accelerated until the test speed was reached and the engine 
was shut down. After the airplane speed stabilized, maximum braking was activated to stop the airplane. The test 
focused mainly on the decelerating process, during which the airplane decelerated due to the braking forces on the 
main landing gears until it stopped completely. 
In the phase with a stable speed before braking was activated, the loading of the airplane is basically the same 
with that at rest. After braking was activated, drags acting on the main landing gears reduced the airplane speed until 
it stopped finally and produced a head-down pitching moment onto the airplane. This moment would increase the 
vertical load on the front landing gear while reducing the vertical loads on the main landing gears. The change of 
loads is similar to that in the ground running test at max power. The decelerating process lasted about 10s. 
2.3. EMAS test 
An EMAS arresting bed was installed on the runway before the test. The airplane started to accelerate far from 
the arresting bed and the engine was shut down when the test speed was reached in order to guarantee that no thrust 
acted on the airplane after it entered the arresting bed. After the speed became stable, the airplane crashed into the 
arresting bed, decelerated and run out of the arresting bed at a certain speed finally. Later, braking system was 
activated to decelerate the airplane and stop it completely. In the process starting from the moment that the engine 
was shut down to the instant that the airplane run out of the arresting bed, the crew did not apply any control or 
maneuvering to the airplane. The test focused on the sliding of the airplane in the arresting bed. 
The test is similar to the taxi braking test except that the deceleration of the airplane in the arresting bed resulted 
from the arresting effect provided by EMAS rather than the braking system. In this test, the duration that the airplane 
passed through the arresting bed is about 2s. 
3. Requirements of load measurement 
Tests should focus on loads on the landing gears. The range of load measurement and the sampling rate are 
important performance indices of the load test system as well as basis for reassembly of the load measurement 
system. The range of load measurement can be chosen based on loads that the landing gears may bear possibly. All 
tests can be mainly categorized into two kinds. One kind includes accelerating/decelerating taxiing tests and ground 
running tests at max power on the runway, in which the airplane is still operating on ground and the loads do not 
exceed the limits. The other kind includes taxiing tests in EMAS arresting beds, which are beyond the operations of 
airplane on ground. However, load on the airplane in EMAS is predictable and one of the design requirements of 
EMAS is that loads on the landing gears must be within the limits. 
According to paper [6], the method to calculate allowable and limit loads for each landing gear of the test airplane 
model is given and employed. Limit loads are considered comprehensively to calculate the upper limit of the range 
of measurement of the load test system. By calculation, the allowable horizontal and vertical loads for the front 
landing gear are respectively 90 kN and 217 kN, and the allowable horizontal and vertical loads for a main landing 
gear are respectively 243 kN and 506 kN 
The sampling rate should be designed from the following two aspects. On one hand, the shortest time interval of 
interest in the above three types of tests is 2s. In such a short time, drag on any landing gear may vary from 0 to 240 
kN and back to 0. Such a fast variation of load in short time implies the necessity of a high sampling rate. On the 
other hand, large impact load occurs in the process that the airplane crashes into the arresting bed. Since initial 
filtering frequency for investigations of impact loads is usually 50 Hz, the actual sampling rate should be much 
higher than 50 Hz. Combining the above two aspects and the range of load measurement, the sampling rate of the 
load tests is set to be 256 Hz. 
In tests, the speed and acceleration of the airplane should also be logged in addition to loads on landing gears. 
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4. Mounting of the load measurement system 
The airplane employed for tests was picked from those in operation. In order to minimize the influence of the 
tests on the airplane, the reassembly of the landing gear load measurement system was accomplished without 
dismantling the landing gears, as shown in Fig. 1. 
Based on the features of the front and main landing gears and the requirements of load measurements in the three 
directions, in addition to considerations of strain gauge bridge back-up and optimization of the load calibration 
equation, several strain gauges were attached on the nose and left/right main landing gears respectively. The 
measurement system was calibrated on-site according to the method provided by papers [7, 8]. 
 
 
Fig.1 Load measurement system on the landing gears 
Strain gauges attached on all landing gears are connected in the full bridge configuration. When configuring the 
strain gauges for shear, possible changes of the point of action of force and the effect of pure bending moment to 
shear measurement are out of consideration.  
In the strain gauge bridge that measures the axial force, change of resistances of the four strain gauges is induced 
by axial deformation, lateral deformation and temperature effect. The full bridge configuration is adopted so that the 
temperature effect can be self-compensated and the output voltage is increased. In addition, the disturbance from 
external sources other than measured loads can be excluded. 
5. Filtering of measurement results 
To exclude disturbance in the measured signals, the measurement results, i.e. signals of loads and accelerations, 
are filtered. 
5.1. Filtering of horizontal forces 
The object signal is the horizontal arresting forces D on the landing gears exerted by the arresting material. This 
signal is non-periodic and its frequency range is zero to infinity. In addition to D, the signal measured by strain 
gauges on landing gears includes disturbance signals including noise of the instruments, zero drift and horizontal 
vibrations of the landing gears and the airplane. These disturbance signals are superimposed onto the object signal, 
which is therefore distorted. To obtain relatively cleaner information of the object signal, filter is usually employed 
to post-process the measured signal. Low-pass filter is commonly used to obtain the object signal since the 
frequencies of instrumental and vibrational noises are usually higher than that of the object signal.  
In the tests, the sampling rate of strain gauges on landing gears is 256 Hz. By multiple times of trial and error, a 
low-pass filter with the cut-off frequency of 6.4 Hz is chosen to obtain the horizontal drag induced by the arresting 
system. The specifications of the filter are: low-pass, Fpass = 3.2 Hz, Fstop = 6.4 Hz, Astop= 80 dB, 203rd order 
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FIR. Curves of horizontal loads on the left main landing gear in the EMAS test before and after filtering are shown 
in Fig. 2. Results after filtering lie within neighborhoods of mean values and some high-frequency signals that 
obviously deviate from the variation of landing gear drag, especially some high-frequency peaks are filtered. 
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Fig. 2 Comparison of horizontal loads on the left main landing gear before and after filtering 
5.2. Filtering of the horizontal acceleration 
The horizontal acceleration is measured by an accelerometer with the sampling rate 100 Hz (time interval 0.01s). 
The measured signal includes the object signal as well as noises induced by pitching inertia of the airplane, 
expansionary characteristics of the landing gears, instrumental noise and zero drift. By trial and error, a low-pass 
filter with cut-off frequency of 4Hz is employed to obtain the horizontal acceleration due to the arresting system. 
The specifications of the filter are: low-pass, Fpass=2HzˈFstop=4Hz, Astop=80dB,128th order FIR. In the EMAS 
test, curves of airplane accelerations before and after filtering are shown in Fig. 3. Results after filtering lie near 
mean values and some high-frequency signals that obviously deviate from the variation of airplane acceleration, 
especially some high-frequency peaks are filtered. 
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Fig. 3 Comparison of airplane accelerations before and after filtering 
6.  Analysis of ground taxi test results 
To verify the working status of the landing gear load test system, ground taxi tests were conducted, including the 
ground running test at max power and the taxi braking test. 
6.1. Engine ground run up test 
The actual loads on the nose landing gear are shown by Fig. 4, from which we can see that the drag hardly 
increases but the vertical load increases significantly from 40 kN to 55 kN. Fig. 5 shows the loads on the left main 
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landing gear, in which the drag increases from zero to 37 kN and the vertical load decreases from 158 kN to 104 kN. 
It is readily observed that in the engine ground run up test, loads on the nose and main landing gears are much less 
than their limit values. 
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Fig. 4  Loads on the nose landing gear in engine run up test Fig. 5  Loads on the left main landing gear in engine run up test 
Based on the above measurement results, the weight of the airplane can be calculated to be 356 kN, which is 
close to the scale reading before test, 353kN. 
6.2. Taxi braking test 
Loads on the nose landing gear measured in the whole test are demonstrated by Fig. 6, in which the drag force 
does not change significantly and the vertical load has a peak value of about 109 kN and a mean value around 66 kN. 
Loads on the main landing gear are shown by Fig. 7, in which the drag has a peak value of 77 kN and a mean value 
of 35 kN and the vertical load has a minimum value of 43 kN and a mean value of 88 kN. It can be seen that in the 
taxi braking test, peak value of the vertical load on the front landing gear reaches half of its limit value and the loads 
on the main landing gears are far less than their limit values. 
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Fig. 6  Loads on the nose landing gear in the taxi braking test Fig. 7  Loads on the left main landing gear in the taxi braking test 
6.3. The EMAS test 
The arresting bed is 15.2m long, 15m wide with the maximum thickness of 24cm. Ramps of 2.6m are set on both 
ends of the arresting bed. The thickness of the ramp before the arresting bed increases from 8cm at the beginning to 
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the same with that of the arresting bed at the end and the ramp exiting the arresting bed is in the opposite 
configuration. 
In the EMAS test, as shown in Fig. 8, the speed of the airplane before entering the arresting bed was stabilized at 
34.5 kt, which is much less than the cruise speed of the airplane so that the lift is negligible. As indicated by Fig. 9, 
the mean deceleration of the airplane is around 0.3 g and the peak value is about 0.35 g. Lateral forces on the 
landing gears measured in the test are almost zero. 
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Fig. 8 Airplane speed in the EMAS test Fig.9 Airplane acceleration in the EMAS test 
In the test, curves of drags on the nose and main landing gears are shown in Fig. 10 and Fig. 11. Before entering 
the arresting bed, drag on each landing gear was almost zero and negligible. The vertical load and drag on the nose 
landing gear have two corresponding peaks. The first peak occurred when the airplane was on the arresting bed with 
the drag around 60 kN and the vertical load about 90 kN. The peak drag on the nose landing gear is 60% of its limit 
value. The second peak occurred outside of the arresting bed with the drag around 50 kN and the vertical load about 
220 kN. When entering the arresting bed through the ramp, the airplane headed up so that a peak value of the drag 
on the front landing gear appeared. After the front landing gear run out of the arresting bed, the airplane headed 
down so that a large vertical load was produced which induced a large drag. As the front landing gear run out of the 
arresting bed, the main landing gears entered the arresting bed. Different from the front landing gear, the main 
landing gears could maintain relatively stable drag values around 50 kN and vertical loads around 110 kN. The 
drags were about 1/5 of the limit horizontal load of the main landing gears. Compared with the nose landing gear, 
the loads on the main landing gears are stable because the main landing gears are close to the center of gravity of the 
airplane so that the influence of airplane pitching on the loads on the main landing gears is small. 
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Fig. 10 Loads on the nose landing gear in the 24cm EMAS test Fig. 11 Loads on the left main landing gear in the 24cm EMAS test 
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7.Conclusions 
x In this paper, according to requirements of actual aircraft tests for EMAS, characteristics of the motion of the 
airplane in EMAS arresting bed were analyzed, requirements of landing gear ground load tests for large-scale 
airplanes were investigated and a landing gear ground load measurement system was established. 
x Verification tests, including the engine ground run up test, taxi braking test and short EMAS bed test, were 
designed and conducted for the load measurement system. The tests indicate that the load measurement system 
satisfies the requirements of landing gear load measurement in actual aircraft tests for EMAS. The filtering plans 
proposed are able to capture the actual loadings of landing gears in the tests.  
x The EMAS arresting bed test demonstrates that: shut-down of the engine could guarantee that the airplane enters 
the arresting bed without thrust; frictional drags on the airplane before entering the arresting bed were almost 
zero and negligible; lateral forces on the landing gears were also close to zero and negligible.  
x Mounting of the load measurement system and the verification method are also suitable for landing gear ground 
load test for other large-size airplane models. 
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